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FlocculantsThe zeta potential of microbubbles, generated by injecting pressurised air into water and then releasing the
pressure, was determined in the absence and presence of different polyacrylamides. Air was dissolved in
either water or solutions of cationic, anionic, amphoteric or nonionic polymers at a constant pressure of four
atmospheres. The charge of the bubbles at the shear-zeta plane was measured using a modiﬁed
microelectrophoresis glass cell, held at a stationary level, at varying pH (2.0–12.0). Known practical problems
with this technique were solved, and these solutions are described in detail. The anionic, amphoteric and
nonionic polymers increased the negative charge of the bubbles, but the isoelectric point (iep) remained
constant at about pH 2.0. Conversely, in the presence of the cationic polymer, the bubbles exhibited positive
surface charges between pH 2.0 and 8.0 and an iep of pH 8.0. The results revealed the existence of an
important interaction mechanism between air bubbles and polymeric macromolecules; neither this
mechanism nor its practical implications have been reported in the literature to date, especially in the
treatment of wastewater by ﬂocculation followed by dissolved air ﬂotation (DAF).+55 51 33089477.
vier OA license.© 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The knowledge of bubble charge in aqueous solutions is important
in many areas, namely, food processing, mineral processing and water
and wastewater treatment. The charge of bubbles determines their
interactions with solid particles, oil droplets and with other bubbles.
In general, gas bubbles suspended in aqueous solutions acquire a
surface charge, where the charge density and sign depend on the
solution chemistry. The most likely charging mechanism involves the
asymmetric dipoles of water molecules residing at the gas–liquid
interface (Engel et al., 1997; Paluch, 2000). Other mechanisms
responsible for bubble surface charge may include adsorption of
ions, residual surfactants, dissociation of ionic groups, and charge
separation (Hunter, 1981, 2001).
The interactions among ions, molecules and organic components
and air bubbles have been studied by several authors, focusing on
their applications in many processes (Grattoni et al., 2003; Liu et al.,
2002; Moosai and Dawe, 2003; Najaﬁ et al., 2007; Phianmongkhol and
Varley, 2003; Su et al., 2006; Yang et al., 2001; Yoon and Yordan,
1986).
Measurements of bubble zeta potential in the presence of
polymers are relevant to the ﬂotation of ores and to pollutant removal
in water and wastewater treatment. The adsorption of polyacryla-mides onto air bubbles may inﬂuence the kinetics and efﬁciency of
these ﬂotation processes as well as particle ﬂocculation. The study by
Han and Dockko (1998) showed that the electrostatic natures of both
bubbles and particles are important parameters in particle removal by
dissolved air ﬂotation (DAF).
This work studied the surface charge of single air bubbles in water
and in the presence of polyacrylamide solutions, commonly used as
ﬂocculants in ﬂocculation–ﬂotation processes (Bolto et al., 1996;
Kitchener, 1972; Rout et al., 1999; Rubio, 2003). The interactions
between air bubbles and polymer ﬂocculants are thought to play key
roles in the formation of so-called “aerated ﬂocs”; these aerated ﬂocs
are deﬁned as ﬂoc/bubbles aggregates that have a very low density,
which allows for a very fast solid/liquid separation. This is of great
importance in liquid efﬂuent treatment (Carissimi, 2003; Colic et al.,
2001; Da Rosa and Rubio, 2005; Rodrigues and Rubio, 2007).
Thus, knowledge of these interactions may enhance the potential
for applications of the ﬂocculation–ﬂotation processes in the
environmental ﬁeld (efﬂuent control and water reuse), increasing
its treatment capacity and lowering dosages and costs for polymers
and other reactants.
Furthermore, knowledge of the interfacial behaviour of macromole-
cules adsorbed at bubble surfacesmay aid in the selection of polymers, for
example, in the processes of pollutant/contaminant removal in the
production of drinking water and/or efﬂuent treatment and in the
selective ﬂocculation of mineral particles.
The zeta potential of gas bubbles has been determined experimen-
tally and many studies have been published reporting bubble charge in
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these important contributions are summarised in Table 1.
Table 1 shows that there have been a good number of important
studies on the zeta potential of bubbles, most evaluating the effects of
electrolyte and/or surfactant solutions but fewer in the presence of
polymers. Uniquely, Malley (1995) reported values of the electro-
phoretic mobilities of bubbles in the presence of polymers, but this
author claimed that the results had low precision, showing high
relative standard deviations (from 25% to 100%). Yet, this work may
be considered a pioneer and may therefore be used as a reference for
the existence of changes in bubble charge when polymers are
employed.
Although the electrophoresis techniquehas beenwidely utilised and
may be themost suitable technique to determine bubble zeta potential,
the procedure poses many practical problems. The main drawbacks are
related to the introduction of gas bubbles into an electrophoresis cell,Table 1
Zeta potential of bubbles at the air/water interface—a summary and a brief description
of selected studies.
Authors Brief description
Collins et al. (1978) Zeta potential of very small gas bubbles generated by
electrolysis in amicroelectrophoresis cell in the presence of
cetyltrimethylammonium bromide (CTAB) and sodium
sulphate solutions.
Usui et al. (1981) Measurements of the sedimentation potential (Dorn effect)
of argon bubbles generated by fritted-glass-sphere gas
diffusers dispersers were used to evaluate the effects of
bubble size on their zeta potential in sodium hexadecyl
sulphate, butanol, aqueous solutions and distilled water.
Kubota et al. (1983) Determination of the zeta potential of air bubbles,
generated by a DAF method, in surfactant solutions
(sodium dodecyl benzene sulphonate, sodium dodecyl
sulphate and cetylpyridinium chloride).
Yoon and Yordan
(1986)
The zeta potential of microbubbles (microelectrophoresis),
generated by a microfoam method, was measured in
different concentrations of anionic, cationic and nonionic
surfactants in aqueous solutions over a wide pH range.
Li and Somasundaran
(1992)
Measurements of bubble electrophoretic mobilities
(bubbles generated using a fritted-glass gas disperser) in
NaCl and A1Cl3 solutions. Studies of the effect of salt
concentrations, aluminium hydroxide species formation
and solution pH.
Han and Dockko
(1998)
Zeta potential of air microbubbles, formed as in a DAF
technique, using a microelectrophoresis cell with video
camera. The study investigated the effect of bubble charge
on the removal efﬁciency of solid particles using a
coagulant over a wide pH range.
Saulnier et al.
(1996, 1998)
The zeta potential of air bubbles, generated by a precision
syringe, in solutions of surfactants and monodistributed
nonionic/anionic surfactant mixtures was measured using
the spinning-tube technique. The aim was to evaluate the
surfactant concentrations and adsorption times at the
bubble/solution interface.
Yang et al. (2001) Use of a microelectrophoresis technique coupled to a video
camera to measure the zeta potentials of oxygen and
hydrogen bubbles generated by electrolysis in different
electrolyte solutions (NaCl, CaCl2, and AlCl3).
Phianmongkhol and
Varley (2003)
Determination of the zeta potential of air bubbles,
generated by a Gilson pipette, in three protein solutions
(BSA-bovine serum albumin, β-casein and lysozyme) and
their binary mixtures. A microelectrophoresis technique
was used to investigate the effects of protein concentration
and ionic strength on bubble properties and foam
behaviour.
Najaﬁ et al. (2007) Use of a laser-electrophoresis technique to measure the
electrophoretic mobility of oxygen, nitrogen and air bubbles
generated by the nucleation of nanobubbles in gas-
supersaturated electrolyte solutions.
Elmahdy et al. (2008) Measurement of the zeta potential of air bubbles generated
by ultrasonication using a laser-electrophoresis technique
to evaluate the effects of the presence of different frothers
at concentrations ranging from 10 to 100 mg/L.the rapid riseof large bubbles and themigration ofmicrobubbles toward
the electrodes. These problems have not been fully described in the
literature and can often lead to erraticmeasurements, particularlywhen
a smooth, horizontal bubble ﬂow across the cell is required or when
bubbles with a wide size distribution are examined.
Still, many studies have not mentioned these difﬁculties, probably
because the authors used video cameras, vertical bubble ﬂow inside
the cell and surfactant solutions that stabilize the bubble suspensions
and also prevent bubble coalescence (Han and Dockko, 1998; Kubota
et al., 1983).
In this context, the present work presents several adaptations of the
electrophoresis technique for more accurate measurements of the
electrophoretic mobility of microbubbles (as generated, for example, in
a DAF technique) using a horizontal microbubble ﬂow inside a
microelectrophoresis cell without either a digital camera coupled to
the micrometer or surfactants in the solutions. Accordingly, the aim of
this work was to fully evaluate the effect of polyacrylamide macro-
molecules on the zeta potential of air bubbles in water while improving
the technique and the quality of results. The improvedmeasurements of
bubble charge will provide a better understanding of the interactions
between bubbles and polymers in ﬂocculation–ﬂotation processes.
2. Experimental
2.1. Materials and reagents
The commercial polymers employed and their main properties are
summarized in Table 2. A full characterization involving the structural
and charge density of these polyacrylamides was already described by
Oliveira et al. (2010). Sodium hydroxide (Vetec®), sodium chloride
(Synth®) and hydrochloric acid (Vetec®) were of analytical grade. All
solutions were prepared according to the manufacturer's instructions
using deionised water. At room temperature, the deionised water had
a conductivity of 1.3 μS/cm, a surface tension of 72.8±0.1 mN/m, and
an equilibrium pH of 6.1. Acetone, nitric acid (5% v/v) and chromic-
sulphuric acid solutions were used for cleaning glass materials.
2.2. Methods
A Rank Brothers microelectrophoresis apparatus, Mark II, was used
to determine the electrophoretic mobilities of air microbubbles
generated by a dissolved air ﬂotation (DAF) technique. The system
was composed of microelectrophoresis equipment with a modiﬁed
electrophoresis cell, a pair of platinum electrodes, a DAF unit for
producing the microbubbles and a glass cylinder to allow the rising
and sampling of bubbles in the cell. Fig. 1 shows the experimental
setup including a description of the microelectrophoresis technique
coupled with the bubble-generation system.
The ﬂat section of the cell had a rectangular cross-section with
internal dimensions of approximately 1 mm deep, 10 mm high and
40mm long. This cell was modiﬁed to allowmicrobubble ﬂow through
it by attaching two pieces of glass tubing to the cell (0.5 cm in diameter
and 2.0 cm long; Fig. 2) according to Yoon and Yordan (1986).
In addition, the transverse cross-sectional area of this cell was
determined by accurate calibrations performed with an optical
microscope (Zeiss Stemi SV 11) coupled to a digital camera (SonyTable 2
Summary of polyacrylamide properties and suppliers.
Polymers Charge Average molecular weight, g/gmol Supplier
A100 anionic 5.9×106 Kemira®
C448 cationic 3.7×106 Cytec®
AM8170 amphoteric 6.1×106 Nalco®
SNF920SH nonionic 6.0×106 Floerger®
Fig. 1. Experimental setup formicrobubble formation and themicroelectrophoresis equipment (Rank Brothers Mark II): (1) saturator vessel; (2) glass cylinder; (3) modiﬁed ﬂat cell;
(4) microelectrophoresis equipment; (5) white light source; (6) water pump tomaintain the temperature in the thermostatic bath; (7) electrode polarity control; (8) binocular head
with eyepiece graticule.
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under both dry and wet (ﬁlled with water) conditions.
Two platinum electrodes were inserted into the two wings
extending from each side of the cell (Fig. 2). The electrodes were
connected to a circuit consisting of a continuous-current, constant-
voltage power supply for generating a uniform electric ﬁeld along the
cell length, a specially designed switch box for changing the polarity
of the electrodes, a digital multimeter for measuring the electric
current and a chronometer tomeasure the time of displacement of the
bubbles at the eyepiece graticule. To minimise electrode-polarization
effects, the polarity of the electrodes was changed between successive
measurements. Illumination was provided by a ﬁbre-optic light guide
and the entire setup was immersed in a thermostatic bath to maintain
the temperature at 25 °C.Fig. 2. Schematic ﬁgure of the modiﬁed ﬂat cell showing the two pieces of glass tubing
used for the inlet and outlet of the microbubble suspension, and the two platinum
electrodes.Before the mobility measurements, the stationary level location
was determined using spherical glass particles (Sigma-Aldrich®) with
a mean size of 10 μm dispersed in a 10−4 M NaCl solution (0.1 g/L
prepared in an ultrasonic bath). The measurements were then
performed using displacement intervals of 20 μm over the whole
depth of the cell. Additionally, electrophoresis measurements were
performed for the same particles under similar solution conditions
using a ZetaPlus® (Brookhaven Instruments) for comparison.
The mobilities of the bubbles when coated with polyacrylamides
were measured in the presence of 10 mg/L of each polymeric solution
in 10−2 MNaCl. The solutions were prepared and transferred to a steel
saturation vessel equipped with an internal container made of glass
(40 cm high, 10 cm in diameter and 0.5 cm thick; 0.7 L effective
capacity). Pressurised air was injected into the vessel to obtain an
internal gauge pressure (Psat) of 4 atm over 1 min (batch-mode
saturation).
This low saturation time is very important because it permitted us
to work with a small amount of microbubbles instead of a cloud of
rising bubbles, improving both the observations at the microscope
and the capture of the smaller microbubbles from the glass cylinder at
the sampling stage (see below). Moreover, this small number of
microbubbles avoids the undesirable migration of the bubbles toward
the electrodes. Thus, this procedure enabled suitable measurements
of small microbubbles (with very low rising rates) in the range of
roughly 10–20 μm in diameter.
The air-saturated solutions were withdrawn from the vessel
through the oriﬁce plate and transferred into the glass cylinder
(50 cm high; 2 cm inner diameter). In the beginning, large bubbles
rose rapidly and left the liquid surface, leaving only the very small
bubbles (with low rising rates) remaining. These small bubbles were
sampled through the connection between the glass cylinder and the
inlet piece of the electrophoresis cell. The microbubble ﬂow through
the cell stopped by closing a valve connected to a tube from the outlet
part of the cell. This procedure allowed us to measure selectively, at
the stationary level, the mobilities of the microbubbles (20 readings
taken in a given set). This number of measurements was chosen based
on the argument presented by Yang et al. (2001), i.e., that due to the
complex charging mechanisms of ﬁne bubbles in water it would be
expected that some bubbles may not always acquire the same charge,
even under the same solution conditions. In other words, the
measured zeta potential may ﬂuctuate to a certain extent from
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Fig. 3. Zeta-potential values of spherical glass particles across the cell depth, used for
determining the stationary level inside the electrophoretic cell.
-100
-80
-60
-40
-20
0
20
40
0 2 4 6 8 10 12 14
pH
Ze
ta
 p
ot
en
tia
l, 
m
V
Li and Somasundaran (1992)
Yang et al. (2001)
This work
Fig. 4. Zeta potential of bubbles as a function of pH at a constant ionic strength of
10−2 M NaCl.
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distribution of surface charge). However, the mean value of the zeta
potential measured over multiple bubbles dispersed in the same
aqueous solution should be statistically signiﬁcant.
With respect to the cleaning of the experimental apparatus, the
electrophoretic cell, glass container and cylinder were cleaned as
follows: First, they were submerged in an ultrasonic bath ﬁlled with a
glassware detergent for 15 min. This was performed by intensive
washing, ﬁrst with nitric acid solution and then with deionised water.
After washing, they were soaked in a chromic-sulphuric acid solution
for 1 h and rinsed with water. Additionally, the steel saturator vessel
was washed and rinsed with deionised water prior to the measure-
ments being conducted.
The bubble zeta potential, ζ, was calculated using Smoluchowski's
equation (Eq. (1)):
ζ=
μ
εrε0
υe
E
ð1Þ
where μ is the dynamic viscosity of the electrolyte solution (Pa·s), εr is
the relative dielectric permittivity of the liquid, ε0 is dielectric
permittivity of vacuum, υe is the electrophoretic bubble velocity
(m/s) and E is the strength of the applied electric ﬁeld (V/m).
Electrophoretic velocities (υe) were calculated by dividing the
measured transverse travel distance of a bubble under the inﬂuence of
an applied external electric ﬁeld by the time interval measured with
the chronometer. The strength of the applied electric ﬁeld, E, for each
individual measurement was determined from Eq. (2):
E=
i
KA
ð2Þ
where i is the measured electric current (A), K is the measured
electrolyte conductivity (S/m), and A is the cross-sectional area of the
cell (m2). In this work, the typical strength of the electric ﬁeld was,
approximately, E=1,000 V/m).
3. Results and discussion
In general, the adapted microelectrophoresis technique showed
good performance enabling measurements of mobilities of air bubbles
in different solutions. The conventional chemical parameters, such as,
ionic strength, reagents chemistry, among others, have been already
reported in the literature (Hunter, 1981; Somasundaran et al., 2005;
Yang et al., 2001; Yoon and Yordan, 1986). However, the great
differential of the technique was the role of the glass cylinder, where
the large air bubbles rose to the liquid surface and the remained low
concentration of small bubbles were sampled promoting suitable
conditions to the measurements.
Fig. 3 shows zeta-potential distribution values for the spherical glass
particles across the cell depth. These values were checked by a
laser-electrophoresis technique (ZetaPlus), which showed an average
zeta-potential value of−51.6 mV (± 5.8 mV) at pH 5.6. The values are in
close agreement with the experimental data reported by Somasundaran
et al. (2005),who found,under similar conditions, a zetapotential of about
−45 mV at approximately pH 6.0.
Fig. 3 shows that the stationary plane of the cell was found at the
values of 115 μm and 130 μm (distance from the inner walls of the
cell), where the zeta potential of the glass particles is similar to those
values obtained with the ZetaPlus. The latter position (130 μm) was
selected for the bubble electrophoretic mobility measurements. This
value differs slightly of value (223 μm) as predicted from theory
(Hunter, 2001) to determine the stationary plane. These differences
occur quite commonly and are probably caused by some imperfec-
tions in the cell depth. Similar differences between the measured and
theoretical values have also been found by other authors such as Yang
et al. (2001), who used a similar ﬂat electrophoretic cell.Fig. 4 shows the results of the zeta-potential measurements of
single air microbubbles as a function of medium pH. The values
obtained in this work are close to those obtained by Li and
Somasundaran (1992), with an iep at pH 2.0 and exhibiting negative
potential values over the pH range of 2.0 to 12.0. Regarding the origin
of the charge, Yang et al. (2001) speculated that this may be due to the
adsorption of anions (e.g., OH-) and/or the desorption of cations (e.g.,
H+), both depending on the pH. Because decreasing the solution pH
results in an exponential increase in the concentration of H+ ions, the
adsorption of H+ ions onto a gas–liquid interface reduces the negative
surface zeta potential, as shown in Fig. 4.
The results obtained by Yang et al. (2001) showed a similar trend,
and the discrepancy with our data may be due to differences in the
experimental techniques used (Najaﬁ et al., 2007).
Fig. 5 shows the zeta-potential values of single and polymer-
coated bubbles (anionic polyacrylamide—A100) as a function of pH.
The results show a clear effect of the polymer charge making bubbles
more negative over the pH range of 2.0–8.0, likely the result of
polymer adsorption through hydrogen bonding, leaving the anionic
polymer charge protruding into the solution. Above pH 8.0, this
negative charge was reduced, reaching a similar zeta potential value
at pH 12.0, probably due to polymer hydrolysis, which is very
dependent on pH (Holmberg et al., 2002), or perhaps due to a salting-
out effect of this macromolecule in the alkaline medium.
Thus, in the presence of an anionic polyacrylamide, bubbles
become covered by the macromolecules in the same manner as in
adsorption at the air/water interface, yielding a net (and high)
negative charge with a pH-dependant magnitude.
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Fig. 5. Zeta potential of single bubbles and of anionic polymer (A100) coated bubbles, in
the presence of NaCl (10−2 M).
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Fig. 7. Zeta potential of single bubbles and of amphoteric polymer (AM8170) coated
bubbles, in the presence of NaCl (10−2 M).
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presence of a nonionic polyacrylamide solution, in which the values
varied from−12 mV to−93 mV. The general trend remains similar to
that in water alone but with an increase in the negative charge of the
bubbles. At some pH values, such as 6.0 and 8.0, the zeta potential did
not change signiﬁcantly and, this effect may be due to the presence of
an excess of anionic groups on the backbone of the macromolecule
chains. Recent microelectrophoresis results of this single polymer
proved the existence of a small residual anionicity in the backbone of
the non-ionic polymer (Oliveira et al., 2010).
Similarly, Fig. 7 shows the zeta potentials of single bubbles in the
presence of an amphoteric polyacrylamide. The values were negative
throughout the experimental pH range, varying from−6 mV to−67 mV.
The iep did not vary signiﬁcantly, remaining at approximately pH 2.0. The
results also show that the amphoteric polyacrylamide may have an
imbalance of ionic groups, namely, a higher concentration of anionic
groups than cationic groups. This fact is also in agreement with Oliveira
et al. (2010) who reported a small negative zeta potential of this
amphoteric polymeric macromolecules indicating a higher fraction of the
negative ionic groups in the backbone of this polymer.
Thus, negative sites were activated with an increase of pH and this
increased the negative charge of the air bubbles even at pH values
where the zeta potential of the macromolecules decreased (as, for
example, at pH 12.0).
In contrast to the previously studied polymers, the cationic
polyacrylamide caused a reversal of bubble charge, from negative to
positive (with a maximum value of +44 mV, at pH 4.0) and shifted
the iep to pH 8.0 (Fig. 8). These results appear to show that this-120
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Fig. 6. Zeta potential of single bubbles and of non-ionic polymer (920SH) coated
bubbles, in the presence of NaCl (10−2 M).cationic polyacrylamide is highly positive and readily adsorbed onto
the bubbles, resulting in a charge reversal, but this adsorption at the
air/water interface ceased at pH 8.0 and higher, probably due to the
same mechanism cited for the other polymers (Figs. 5–7).
4. Conclusions
The zeta potential of single air bubbles in water and in the
presence of polyacrylamide polymers were measured using a
modiﬁed and well-calibrated microelectrophoresis system. In water,
the zeta potential of the bubbles was negative between pH 2.0 and
12.0, with maximum values of −66 mV at pH 12.0 and an isoelectric
point near pH 2.0. The charge of these bubbles changed dramatically
in the presence of polymer ﬂocculants and changes in pH. The anionic
polymer enhanced the negative charge of the bubbles and the cationic
polymer showed a more pronounced effect, causing charged reversal
and changing the isoelectric point from 2.0 to pH 8.0. In alkaline
medium, the anionic, nonionic and amphoteric polyacrylamide
solutions all showed the same trends and the bubble charge behaved
as in the absence of the polymers. This reduction in the effects of the
polymers was likely due to a reduction in their adsorption. It is
believed that these results may contribute to a better understanding
of ﬂocculation–ﬂotation processes.
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